A B S T R A C T The patterns of bicarbonate reabsorption during increasing plasma concentrations were studied in subjects with a range of glomerular filtration rates (GFR) from 170 to 2 ml/min. In a group of five subjects with GFR values above 30 ml/min, paired bicarbonate titration studies were performed first under conditions which minimized extracellular fluid (ECF) 
conducive to exaggerated expansion of ECF volume. In patients with GFR values below 30 ml/min, a single protocol was employed. Studies also were performed on two patients with far advanced renal disease who were nephrotic and exhibited a sodium-retaining state. When ECF volume expansion was minimized in the nonuremic subjects, values for bicarbonate reabsorption were well in excess of the usually accepted Tm level and over the range of plasma bicarbonate concentrations employed, no evidence of a Tm phenomenon was observed. A similar pattern emerged in the two nephrotic patients despite the presence of uremia. However, with both exaggerated expansion of ECF volume (GFR greater than 30) and in patients with advanced renal disease in the absence of exaggerated ECF volume expansion a tendency towards saturation kinetics for bicarbonate reabsorption was demonstrable. In comparing the minimized with the exaggerated expansion studies, evidence emerged for a decrease in both bicarbonate reabsorption per unit of GFR and the absolute rate of bicarbonate reabsorption. When ECF volume expansion was exaggerated in uremic patients after stable rates of bicarbonate reabsorption had been achieved, a decrease in reabsorption per unit of GFR and in absolute bicarbonate reabsorption occurred. The possible relationship INTRODUCTION It is generally accepted that in normal man the kinetics of bicarbonate reabsorption by the kidney are characterized by an apparent Tm such that a maximum of approximately 2.8 mEq of bicarbonate may be reabsorbed per 100 ml of GFR (1, 2) . Moreover, in uremia, Roberts, Randall, Vanamee, and Poppell (3) reported a Tm value for bicarbonate that fell within the normal range. Unfortunately the standard technique for performing a bicarbonate titration experiment involves marked expansion of extracellular fluid (ECF) volume; volume expansion is characteristically associated with a decrease in fractional sodium reabsorption and with an increase in natriuresis per nephron. Furthermore, a decrease in fractional sodium reabsorption and an increase in sodium excretion rate per nephron also are characteristic of the uremic state. On a priori grounds, therefore, the expansion of ECF volume in normal subjects produced by the bicarbonate titration technique and nephron reduction in uremic patients might influence bicarbonate reabsorption through a primary effect on sodium transport; a regulatory and homeostatic change in the patterns of sodium excretion thus could lead to a change in bicarbonate reabsorption that might be fortuitous rather than regulatory or homeostatic. It is of interest in this context that recent studies in the normal rat have shown that when special precautions are taken to minimize ECF volume expansion during the performance of bicarbonate titration studies, no Tm is demonstrable over a wide range of plasma bicarbonate concentrations (4) . However, when ECF volume expansion was exaggerated, a definite tendency for bicarbonate reabsorption to become constant was evident (4) . Moreover, a transformation in the bicarbonate titration curve similar to
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The present studies were performed to reevaluate the patterns of bicarbonate reabsorption in man with particular reference to the influence of extracellular fluid volume expansion and of uremia. In a group of nonuremic subjects, titration studies were performed under conditions of "minimized" and "exaggerated" ECF volume expansion. Titration studies also were performed in a group of patients with moderately to far-advanced bilateral renal disease. In three patients with uremia, the effects of exaggerated ECF volume expansion were measured after the apparent bicarbonate Tm had been reached. Finally, the kinetics of bicarbonate reabsorption were studied in two patients with advanced renal disease who were nephrotic and thus did not exhibit the typical natriuresis per nephron of uremia.
METHODS
A total of 31 studies was performed on 17 subjects. Two were normal adult volunteers, 15 were patients with chronic bilateral renal disease of varying severity. Nine of the patients had chronic glomerulonephritis; four, pyelonephritis; one nephrosclerosis; and one, congenital hypoplastic kidneys. Two of the patients with glomerulonephritis and low glomerular filtration rates were nephrotic at the time of study and their results will be considered separately. The total group studied provided a range of glomerular filtration rates from 170 ml/min to 2 ml/min. In five subjects with GFR values above 30 ml/min, two different protocols were employed in the performance of bicarbonate titration studies. One was designed to minimize ECF volume expansion, the other to allow exaggerated expansion of the ECF. In the nephrotic patients and in the majority of patients with GFR's below 30 ml/min, exaggerated ECF expansion was not induced and only a single standard protocol for bicarbonate infusion was employed. However, in three nonnephrotic patients with low glomerular filtration rates, the effects of ECF expansion were observed on the maximal rate of bicarbonate reabsorption.
In order to decrease plasma bicarbonate concentrations to subnormal levels, from 2 to 8 g of ammonium chloride were given orally for 3-5 days before study in many of the subjects. The dose was prorated on the basis of the GFR and the steady-state plasma bicarbonate concentration. To eliminate mineralocorticoid insufficiency as an indeterminate variable, all subj ects received deoxycorticosterone acetate (DOCA), 10 mg intramuscularly, on the morning of study. To avoid potassium depletion during titration studies, supplementary KCl was administered in most instances.
The specific protocols that were employed were as follows.
Subjects with GFR values greater than 30 ml/min Minimized expansion. Dietary intake of salt was restricted to 1 g/day for 1 wk before study. In some subjects, furosemide (40-120 mg/day) was given orally for several days in order to decrease extracellular fluid volume in advance of the titration studies. This drug was discontinued 48 hr before the studies were performed. If plasma potassium concentrations fell during the period of diuretic administration, supplementary potassium was administered. During a 60-90 min equilibration period and the first three clearance periods, no bicarbonate was infused; the inulin used to maintain constant plasma inulin concentrations was administered in a 5%o dextrose and water solution at a rate of 2.5 ml/min. Thereafter the infusion was changed to a 5%c sodium bicarbonate solution which was delivered at a rate of 2-2.5 ml/min. Exaggerated expansion. Dietary intake of salt was maintained between 12 and 16 g/day for 1 wk before study. 9-a-fluorohydrocortisone in a dose of 0.1 mg was administered twice daily during this period. The composition of the infusion during the equilibration period and three control clearance periods was the same as that used in the minimized expansion studies. After the third clearance period the infusion was changed to a 2-2.5%o sodium bicarbonate solution which was administered at a rate of 6-12 ml/min.
Nonnephrotic patients with GFR values less than 30 ml/min These patients were maintained on a 4 g salt diet for at least 5 days before study and each was in external salt balance at the time of study with neither evident volume depletion nor edema. The infusion procedure employed in this group of patients was the same as that used in the minimized expansion group.
Nephrotic patients
Two patients with far-advanced renal disease (GFR 7 and 17 ml/min respectively) had marked proteinuria and hypoalbuminemia and both were in positive sodium balance on a 1 g salt diet despite their uremic state. Thus neither of these two patients exhibited the natriuresis per nephron that characterizes the great majority of patients with comparable levels of glomerular filtration rate. Both patients were maintained on a 1 g salt diet for 1 wk before study and both were edematous at the time of the titration studies.
Glomerular filtration rate was measured using a constant infusion of inulin. From 10 to 25 clearance periods were obtained in individual studies and each period varied in duration from 10 to 35 min. Urine was collected using an in-lying Foley catheter. Special precautions were taken to maintain sterility (6) . These included the use of an antibiotic ointment for lubricating the catheter and rinsing of the bladder with a neomycin solution at the conclusion of the study. In all subjects, urine cultures were obtained on one or more occasions after the conclusion of each study and in no instance was a positive culture obtained. Urine was collected under oil in acid-washed tubes. Neither water nor air rinses were used in order to avoid introducing changes in the urinary Pco2, but pressure was applied to the bladder routinely at the end of each collection. Blood was collected from a catheter in the radial artery continuously throughout each clearance period in order to obtain integrated plasma bicarbonate concentrations. The blood was collected into heparinized tubes under mineral oil. Informed consent was obtained from each subject employed in these studies.
Blood and urine pH and PcO2 values were determined inimediately after collection of the samples and plasma bicarbonate concentrations were estimated as the study proceeded. In this manner the rate and degree of rise of plasma bicarbonate could be monitored and controlled. Determinations of pH and Pco2 on both blood and urine were made the greater GFR in the second study, the absolute rates of reabsorption of both bicarbonate and sodium were higher during exaggerated than minimized expansion.
The results in the second normal subject are presented in Table III and IV. With minimized expansion of ECF (Table III) In subject 4, GFR averaged 154 ml/min during minimized expansion and 160 ml/min during exaggerated expansion. The filtered load of bicarbonate averaged 174 MEq/min less during minimized than exaggerated expansion whereas the mean value for bicarbonate reabsorption was 175 zEq/min less during exaggerated expansion.
Patients with advanced renal disease. In patients with advanced renal disease a single standard protocol was employed. The patients were not salt deprived before study and the infusion rate for bicarbonate was the same as that used in the minimized expansion studies already described. Fig. 2 The relationship between the fractional excretion of sodium and bicarbonate reabsorption in the group of 12 uremic patients is shown in Fig. 4 
DISCUSSION
The traditional interpretation of the kinetics of renal bicarbonate reabsorption has been strongly influenced by studies using the bicarbonate titration technique. The prototype of the titration curve that has been recorded for normal man is shown in the triangles in Fig. 1 . As the plasma bicarbonate concentration is increased progressively, bicarbonate is completely reabsorbed until plasma levels approximate 26 mEq/liter. At this concentration, which is the so-called bicarbonate threshold, bicarbonate begins to enter the urine. As plasma levels are increased further, the rate of reabsorption tends to become constant such that approximately 2.8 mEq of bicarbonate are reabsorbed per 100 ml of glomerular filtrate (28 mEq/liter GFR). This apparent maximum velocity of reabsorption has been accepted for many years as the normal Tm for bicarbonate. However, there are reasons to suspect that the classic titration curve may be influenced by the condition of the titration experiment, which of necessity involves marked expansion of the extracellular fluid volume. Volume expansion is known to diminish fractional sodium reabsorption in the proximal tubule (8, 9) The present studies were performed to examine the influence of both extracellular fluid volume expansion and uremia on bicarbonate reabsorption in man. Patients were studied with a range of glomerular filtration rates from 170 ml/min to 2 ml/min. The normal subjects and the patients with renal disease in whom GFR was greater than 30 ml/min fell into one group. When ECF volume expansion was minimized by salt deprivation and diuretic administration in advance of the titration study and by the infusion of the minimum amount of sodium bicarbonate consistent with the desired elevation of plasma bicarbonate concentrations during the study, no definite Tm for bicarbonate was observed. In four of these five subjects the excretion 'Lubowitz, H., M. L. Purkerson, and N. S. . A micropuncture study of the effect of nephron reduction on proximal tubular bicarbonate reabsorption in the rat. In press. rate of sodium during the control clearance periods was less than 0.1% of the filtered load.
In the same group of subjects, exaggerated expansion of ECF led to an alteration in the patterns of bicarbonate reabsorption. In comparison to the minimized expansion studies, the threshold for bicarbonate excretion was lower and there was a tendency for bicarbonate reabsorption to stabilize below 30 mEq/liter of GFR. These subjects exhibited a moderate degree of natriuresis before the onset of the bicarbonate infusion and the natriuresis became quite marked during the course of the studies.
The patients with glomerular filtration rates of 20 ml/min or less resembled the exaggerated expansion group although ECF volume expansion was not exaggerated. However, in order to maintain sodium balance at a GFR of 20 ml/min on a 4 g salt intake, approximately 2% of the filtered sodium must be excreted and the lower the GFR the greater must this percentage be (e.g. at a GFR of 5 ml/min, approximately 10% of the filtered sodium must be excreted). It is of interest, therefore, that the patients with the more markedly reduced levels of GFR and the higher fractional sodium excretion rates reabsorbed bicarbonate in a manner qualitatively similar to the subjects with higher GFR's subjected to exaggerated expansion of ECF volume. It also is of interest that the lower the level of GFR, and thus the greater the rate of fractional sodium excretion, the more striking was the alteration of bicarbonate reabsorption (see Fig. 4 ). Finally, when acute volume expansion was induced in uremic patients with stable values for bicarbonate reabsorption per unit of GFR, fractional sodium excretion increased markedly, the apparent Tm for bicarbonate was perturbed, and bicarbonate reabsorptive rates, both per unit of GFR and in absolute terms, diminished.
Additional evidence relating fractional sodium reabsorption to the patterns of bicarbonate reabsorption emerges from the studies on the two nephrotic patients. These two subjects, despite very low glomerular filtration rates, were edema formers and thus did not exhibit the natriuresis per nephron which is characteristic of patients with their levels of GFR. Of considerable interest is the fact that their bicarbonate titration curves were strikingly different from other patients with uremia, resembling those for the nonuremic subjects studied during minimized ECF volume expansion. Indeed, the titration curves in the two uremic nephrotic patients exhibited the highest slope for bicarbonate reabsorption per unit of GFR vs. plasma bicarbonate concentration of all the subjects studied.
Several possible conclusions emerge from these studies.
(a) The "normal" Tm for bicarbonate in man may actually represent an inhibited rate of bicarbonate reabsorption imposed by volume expansion attendant upon the standard titration protocol.
(b) Intrinsic renal disease per se does not appear to depress bicarbonate reabsorption per unit of GFR in the residual nephrons. The evidence for this is found in the titration curves of patients with GFR levels of over 30 ml/min during minimized ECF volume expansion and in the two uremic patients who were nephrotic. In both groups, bicarbonate reabsorption increased over the entire range of plasma bicarbonate levels employed and threshold values were higher than the usually accepted normal.
(c) The intensity of natriuretic forces appears to influence the character of the bicarbonate titration curve. In both of the nephrotic uremic patients and in four of the five subjects studied during minimized expansion, fractional sodium excretion tended to remain below 2% even at the highest plasma bicarbonate concentrations obtained. On the other hand, in the presence of exaggerated ECF expansion and in the non-nephrotic uremic patients peak values for fractional sodium excretion ranged from 5% to 40%. Moreover, the higher the fractional sodium excretion rate, the lower was the apparent Tm for bicarbonate. Finally, when the uremic patients with stable rates of bicarbonate reabsorption were subjected to acute volume expansion, natriuresis increased strikingly and bicarbonate reabsorption decreased correspondingly.
Thus bicarbonate reabsorption appears to be influenced by the concurrent activity of the factors controlling sodium excretion. In all probability, therefore, the factors that modulate sodium reabsorption in the proximal convoluted tubule must have a secondary influence on bicarbonate reabsorption whether the latter occurs in consequence of sodium-hydrogen exchange or the reabsorption of bicarbonate as an ion.
One final possibility must be considered in explanation for the present data. Both volume expansion and nephron reduction may be attended by an increase in GFR per nephron especially in the superficial nephrons (12, 13) . The effects of either acute or chronic hyperfiltration on the kinetics of bicarbonate reabsorption remain to be established and although the experimental induction of hyperfiltration both in normal dogs (14) and uremic man (11) does not influence fractional sodium excretion, the possibility was considered that the decrease in bicarbonate reabsorption expressed per unit of GFR seen with exaggerated ECF volume expansion was secondary to an increase in GFR per nephron rather than to inhibition of bicarbonate reabsorption. However, the opportunity to compare absolute rates of bicarbonate reabsorption at comparable levels of GFR Effects of ECF Volume Expansion and Uremia on Bicarbonate Reabsorption and comparable plasma bicarbonate concentrations existed in three of the subjects studied during both minimized and exaggerated expansion. The data presented in Table V suggest that the exaggerated expansion was accompanied not only by a decrease in fractional bicarbonate reabsorption but by a decrease in absolute bicarbonate reabsorption. The same phenomenon was observed in the uremic patients in whom ECF volume expansion was exaggerated after an apparent Tm for bicarbonate had been reached (Table VI) . Thus volume expansion does appear to inhibit tubular reabsorption of bicarbonate.
